The aim of this study was to determine the extent to which a feto-placental glucose steal phenomenon contributes to the process of maternal metabolic adaptation to late pregnancy. Glucose metabolism was studied in virgin control, pregnant rats and virgin rats with a phlorizin-induced model of the feto-placental glucose steal phenomenon. Whole body glucose kinetics and glucose uptake into individual tissues were measured in anaesthetised rats basally and during hyperinsulinaemic euglycaemic clamps. The basal glucose metabolism of the pregnant rats was closely mimicked by the phlorizin-treated rats. Basal plasma glucose was 39 % and 38 % lower (p < 0.0001 for both); hepatic glucose production was 21% and 26 % higher (p < 0.05 for both); and plasma glucose clearance was 109 % and 104 % higher (p < 0.0001 for both) in the pregnant and phlorizin-treated rats, respectively, compared to the control rats. Basal glucose uptake into peripheral tissues was lower in both the pregnant and phlorizintreated compared to the control rats, being most evident in heart (p < 0.01 for both) and brown adipose tissue (p < 0.001 for both). In the clamp studies, impairment of glucose uptake into skeletal muscle was observed in both the pregnant and phlorizin-treated rats compared to the control rats. In conclusion, the feto-placental glucose steal phenomenon is a major contributing factor to postabsorptive glucose metabolism in late pregnancy. This phenomenon also contributes to the impairment of maternal insulin-stimulated peripheral glucose uptake. [Diabetologia (1994) 37: 976-984] Key words Phlorizin, glucose kinetics, hyperinsulinaemic euglycaemic clamp, insulin, non-esterified fatty acid.
a process of "facilitated anabolism" [1, 2] . Undoubtedly important to this process are the hormones oestrogen [3] [4] [5] , progesterone [4, 5] and placental lactogen [6] which augment pancreatic islet beta-cell responsiveness and increase insulin levels. In contrast, maternal metabolism late in pregnancy is characterised by a process of '~ starvation" such that the increased maternal energy stores can be rapidly mobilised during postabsorptive periods. Placental lactogen [7] , prolactin [8] , progesterone [9] and cortisol [2] have been implicated in producing a physiological insulin resistance which has at least a permissive role in the process of "accelerated starvation". It is unknown, however, the extent to which a feto-placental steal of maternal nutrients, including glucose, influences maternal metabolism in late pregnancy. It would seem logical to expect that an obli-gate maternal glucose loss to the developing conceptus, which we have termed "the feto-placental glucose steal phenomenon", would promote the metabolic milieu of "accelerated starvation". Further to this, glucose deprivation in non-pregnant individuals, whether caused by diets low in carbohydrate [10, 11] or by starvation [12, 13] , has been shown to produce glucose intolerance and insulin resistance. It may be that through similar mechanisms the feto-placental glucose steal phenomenon also contributes to the insulin resistance of late pregnancy.
Phlorizin infused into rats causes marked urinary glucose loss [14] . In the present study we have used phlorizin-treated virgin rats to model the feto-placental glucose steal phenomenon of pregnancy. Whole body glucose kinetics and glucose uptake into individual peripheral tissues were studied in control virgin, phlorizin-treated virgin and pregnant rats under both fasting and hyperinsulinaemic euglycaemic clamp conditions. Initial validation experiments were performed on functionally anephric rats to exclude a direct effect of phlorizin on glucose metabolism.
Materials and methods
Experimental animals. Female, age-matched (100 days) Sprague Dawley rats (Monash University Animal Facility, Clayton, Vic., Australia) were used. All animals were housed in a temperature controlled environment (22~ and were subject to controlled lighting (12 h dark/12 h light). Animals had free access to water and standard laboratory chow (Barastoc, Pakenham, Vic., Australia).
Validation experiments.
To validate the use of phlorizin, we studied two groups of functionally anephric rats: control nephrectomised and phlorizin-treated nephrectomised. Following an overnight fast the rats were anaesthetised with 60 mg/ kg intraperitoneal pentobarbitone (Boehringer Ingelheim, Artarmon, NSW, Australia). Both renal arteries were tied through a midline laparotomy incision. The incision was then covered with gauze soaked in warmed normal saline (0.9 % NaC1). Silastic cannulas (0.012 in. internal diameter, Dow Corning Australia, Hawthorn, Vic., Australia) were inserted into the right jugular vein (one cannula for basal studies, two cannulas for insulin clamp studies) for infusions and the left carotid artery for blood sampling. A tracheostomy was also performed to assist maintenance of the airway. These surgical procedures were followed by a 30-rain rest period. Body temperature was maintained at 38 ~ using a heat lamp and a rectal temperature probe (Tele-thermometer, Yellow Springs Instrument Company, Yellow Springs, Ohio, USA). Anaesthesia was maintained by intermittent doses (15 mg/kg) of intraperitoneal pentobarbitone as required. Infusates were prepared as follows. Phlorizin (Sigma Chemical Co., St. Louis, Mo., USA) initially dissolved in propylene glycol (Sigma Chemical Co.) 49 mg/ml) (phlorizin-treated nephrectomised rats) or propylene glycol only (control nephrectomised rats) were diluted in Haemaccel (polygeline 35 g/l, Behring Institut, Marburg, Germany) and 0.9 % NaC1 in a ratio of 2:1:17. Rats received a primed (0.25 ml in 5 min) continuous infusion (0.01 ml/min) 977 of the phlorizin or control infusate via a jugular vein catheter from time 0 for the duration of the experiment. Measurements of whole body glucose kinetics and individual tissue glucose uptake indices under basal and hyperinsulinaemic euglycaemic conditions were performed as described below. The phlorizin infusate, if given to intact rats, acutely induced marked glycosuria (21.5 + 2.2 ~mol. kg -1. min-1), thus confirming it's bioavailability when administered in this way.
Study experiments. Three groups of rats were studied: control virgin; phlorizin-treated virgin and pregnant. The phlorizintreated rats received phlorizin dissolved in propylene glycol at a rate of 0.075 g/day via subcutaneously situated osmotic pumps (Model 2Mll, Alza Corporation, Palo Alto, Calif., USA). Osmotic pumps were inserted into all animals (control and pregnant rats had propylene glycol vehicle loaded pumps only) under intraperitoneal pentobarbitone anaesthesia 7 days prior to metabolic assessment. The rats were fasted from 18.00 hours on day 6 and at 08.00 hours on day 7 were anaesthetised, cannulated and rested for 30 min, as described above, prior to the commencement of metabolic assessment. The pregnant rats were at 19 days gestation on day 7. Measurements of whole body glucose kinetics, NEFA levels and individual tissue glucose uptake indices under basal and hyperinsulinaemic euglycaemic conditions were performed as described below. kg -1-min -1) of [6-3H] glucose (New England Nuclear, Boston, Mass., USA) was commenced at time 0 min in all studies. A primed (5 x continuous rate for 5 rain) continuous infusion of insulin (Actrapid, CSL-Novo, North Rocks, NSW, Australia) at either 0.0 (basal studies), 3.0 (low-dose clamp) or 12.0mU. kg -1-rain -1 (high-dose clamp) was also commenced at time 0 rain. As the volume of distribution of maternal insulin does not include the fetus, 20 % lower insulin infusion rates of 2.4 (low-dose clamp) and 9.6 mU. kg -1 9 rain -1 (high-dose clamp) were used in the pregnant rats. Basal and low-dose clamp studies only were performed in the validation experiments. The [6-3H] glucose and insulin were infused together as additives to the phlorizin or control infusates in the validation experiments; whereas they were infused together within a solution of 0.9 % NaC1 and Haemaccel (ratio 9:1) in the study experiments. During the clamp studies blood glucose was measured every 10 rain and accordingly a variable glucose infusion (10 % glucose in low-dose clamp and 20 % glucose in high-dose clamp studies) was used to maintain plasma euglycaemia at 6.0 retool/1 in the validation experiments and 5.0 retool/1 in the study experiments. To avoid large fluctuations in plasma glucose specific activity 3.5 and 7.0 ~Ci/ml [6-3H] glucose was added to the 10 % and 20 % glucose infusates, respectively. Steady-state plasma glucose and exogenous glucose infusion rates were achieved in the clamp studies by 70 to 100 rain. Three arterial blood samples (300 ~1) spaced at 5-min intervals were taken from time 70 min in the basal studies and from time 100 to 130 rain in the clamp studies for plasma glucose, insulin and [6-3H]glucose specific activity determinations. The erythrocytes from all blood samples were resuspended in 0.9 % NaC1 and given back to the animal periodically through the experiments. The urinary bladder was emptied at time 0 min by suprapubic pressure. At the end, urine was collected from the bladder by needle aspiration for determination of the rate of urinary glucose loss. At the end of the experiments timed collections of the infusates were obtained for accurate determination of the [6-3H]glucose infusion and exogenous cold glucose infusion rates.
Measurement of whole body glucose kinetics.
Measurement of NEFA levels. Heparinised 0.9 % NaC1 was avoided until after blood samples were taken for NEFA measurement. In both basal and clamp studies blood samples (300 V1) were taken at the 20 and 50 rain time points for measurement of serum NEFA levels.
Measurement of individual tissue glucose utilisation indices.
A modification of the labelled 2-deoxyglucose technique described by Kraegen et al. [15] was used. The basal and clamp studies were continued following the blood samples for measurement of whole body glucose kinetics. A bolus of [14C]2-deoxyglucose (100 ~tCi, New England Nuclear, Boston, Mass., USA) was given intravenously and blood samples (300 ~1) were taken 2, 5, 10, 15, 20, 30 and 45 min later for measurement of plasma glucose and the time course of [14C]2-deoxyglucose disappearance. After the 45-rain blood sample, the rats were immediately killed with an intravenous overdose of pentobarbitone and samples of brain, white and brown adipose tissue, diaphragm, heart, soleus, red and white gastrocnemius and red and white quadriceps, and in pregnant rats, placenta and fetus were rapidly removed and frozen in liquid nitrogen for subsequent analysis.
Analytical methods. Glucose levels in blood, plasma and urine were measured using a 23 AM YSI Glucose Analyser (Yellow Springs Instrument Company, Yellow Springs, Ohio, USA). Plasma insulin was measured using a double antibody method (Phadeseph Pharmacia, Uppsala, Sweden). Serum NEFA were measured using an enzymatic colorimetric commercial kit (Wako Pure Chemical Industries, Osaka, Japan). To measure plasma tracer concentrations, 50 lxt of plasma was de-proteinised with an equal volume of saturated Ba(OH)2 and 5.5 % ZnSO4. The supernatant of the samples for specific activity of glucose were passed through an anion exchange resin column (Dowex-2x8, 200-400mesh, C1 form, Bio-Rad Laboratories, Richmond, Calif., USA) to remove labelled charged metabolites (lactate/pyruvate). The columns were washed with water and the samples were dried (60~ to remove tritiated water. All samples were then resuspended in 4 ml water and after addition of 8 ml scintillation fluid (Readyvalue, Beckman, Palo Alto, Calif., USA) were counted in a beta-scintillation counter (Beckman Instruments, Irvine, Calif., USA). The timed [6-3H] glucose infusate collections were also dried, resuspended and counted as above.
[lgC]2-deoxyglucose dpm were counted using a quench corrected (external standard) double isotope programme. Tissues (up to 250 mg) for measurement of [14C]2-deoxyglucose uptake were digested in i ml i mol/1 NaOH. Placentas (x 3) and fetuses (x 2) were digested, respectively, in 2 ml and 10 ml of 1 tool/1 NaOH. The digestion was performed over 90 min in a shaking water bath set at 60~ After digestion, the maternal tissue samples were made up to 2 ml with 1 mol/1 NaOH and then neutralised with 2 ml of I mol/1 HCL. The placental and fetal digestates were made up to 5 ml and 20 ml with i tool/1 NaOH, respectively, and neutralised with equal volumes of i mol/1 HCL. Two separate !-ml aliquots of the digestates were taken. Two ml HC10 4 (6 % weight/volume) was added to the first aliquot and i ml Ba(OH)z followed by 1 ml ZnSO 4 was added to the second aliquot. After centrifugation the HC10 4 supernatants contained [14C]2-deoxyglucose plus [14C]2-deoxyglucose 6-phosphate while the Ba(OH)JZnSO4 supernatants contained only [14C]2-deoxyglucose. Two ml of each supernatant was made up to 4 ml with water to which 8 ml of scintillation fluid was added. The 14C radioactivity was counted using the dual label programme on the beta-scintillation counter.
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Calculations. In steady state, the total body glucose appearance rate (Ra) is equal to the [6-3H]glucose tracer infusion rate (dpm/min) divided by the plasma glucose specific activity (dpm/~mol). After an overnight fast, the Ra is equal to the hepatic glucose production rate (HGP). When blood glucose is constant the total body glucose disposal rate (Rd) is equal to Ra. During the hyperinsulinaemic clamp studies, the Ra is the sum of the HGP and the rate of infused unlabelled glucose. Thus, HGP is equal to the difference between the tracer-determined Ra and the directly measured glucose infusion rate. The total body glucose uptake rate (Ru) equals the Rd minus the urinary glucose loss. The plasma glucose clearance rate (GCR) equals the Rd divided by the plasma glucose concentration. Glucose utilisation indices for individual tissues were calculated from the mean plasma glucose level (vmol/ml) following the bolus of [14C]2-deoxyglucose multiplied by the radioactivity of [14C]2-deoxyglucose 6-phosphate per mass of tissue (dpm/100g) divided by the area under the plasma [14C]2-deoxyglucose radioactivity disappearance curve (dpm-min-ml <) [15] . The radioactivity of [14C]2-deoxyglucose 6-phosphate was calculated from the difference between the radioactivity measured in the HC10 4 supernatant and the Ba(OH)JZnsO 4 supernatant of the tissue digestates.
Statistical analysis
Results are presented as mean + SEM. Statistical significance of differences were assessed by the Student's unpaired t-test. In the study experiments, comparisons of means were made between the control and pregnant, and between the control and phlorizin rat groups only, unless otherwise stated. Statistical analysis was performed on logarithmically transformed values if the distribution of data was skewed.
Results
Validation experiments. The results of the validation experiments are shown in Table 1 . Under basal conditions plasma glucose and insulin, and whole body glucose kinetics were not different between the control nephrectomised and the phlorizin-treated nephrectoraised rats. The basal glucose utilisation indices were not different in most tissues. Modest differences only were observed in brain (phlorizin-treated nephrectoraised less than control nephrectomised) and white adipose tissue (phlorizin-treated nephrectomised greater than control nephrectomised). During the low-dose hyperinsulinaemic euglycaemic clamp studies, similar levels of plasma glucose were achieved; however, plasma insulin levels were slightly, but not significantly, higher in the phlorizin-treated nephrectomised rats. Whole body glucose kinetics were again not significantly different between the control nephrectomised and phlorizin-treated nephrectoraised rats. The clamp tissue glucose uptake index measurements tended to be slightly higher (7 of 10 tissues) in the phlorizin-treated nephrectomised rats which was most probably an appropriate response to the slightly higher insulin levels in this group. These data demonstrate that, with the doses used, phlorizin does not directly alter glucose metabolism in tissues other than in the renal tubules. Study experiments. The changes in rat weight from days 0to 6, and the rat weight on day 7 were not different between the control (-1 + 1 and 236 + 3 g, respectively) and phlorizin-treated rats (-2 + 2 and 233 _+ 4 g). As expected the pregnant rats had a significantly higher weight gain between days 0 and 6 (30 _+ 3 g, p < 0.0001 vs control) and were heavier on day 7 (290 + 6 g, p < 0.0001 vs control). Food consumption between days 0 and 6 was higher in the phlorizin-treated (90 + 2 g) and pregnant (102 + 2 g) compared to the control rats (69 + 3 g, p < 0.0001 for both). Urinary glucose loss was negligible in control and pregnant rats (less than 0.1 ~tmol -kg -1 9 min -1 in all rats). In the phlorizin-treated rats urinary glucose loss was 23 + 5, 25 + 3 and 26 + 3 ~tmol 9 kg -1 9 min -1 in the basal, low-dose and high-dose clamp studies, respectively. The basal plasma glucose, plasma insulin and whole body glucose kinetic data are shown in Figure 1 . Under basal conditions plasma glucose levels were 39 % and 38 % lower in the pregnant and phlorizin-treated rats, respectively, compared to the control rats. The basal insulin levels were correspondingly 43 % lower in the phlorizin-treated compared to the control rats, but were not different between the pregnant and the control rats. The basal HGP rates were 21% and 26 % higher in the pregnant and phlorizin-treated rats, respectively, compared to the control rats. Ru rates were 21% higher in the pregnant (includes uptake into the feto-placental unR) compared to the control rats (p < 0.05), and 41% lower in the phlorizin-treated (excludes urinary glucose loss) compared to the control rats (N.S. p =0.1) (data not shown). Plasma GCR rates were 109 % and 104 % higher in the pregnant and phlorizin-treated rats, respectively, compared to the control rats. Basal glucose uptake index results are shown in Figure 2. Brain glucose uptake indices were not significantly different between groups. Basal glucose uptake indices in all other tissues tended to be lower in the pregnant and phlorizin-treated rats compared to the control rats. Of particular note, the glucose uptake indices in brown adipose tissue were 91% and 93 % lower and in heart were 81% and 88 % lower in the pregnant and phlorizin-treated rats , respectively, compared to the control rats. In the pregnant rats, the basal glucose uptake indices of the placenta and fetus (Table 2) were 391% and 358 % greater, respectively, compared to the average basal glucose uptake index of all the maternal tissues studies, excluding brain.
The low-dose clamp and high-dose clamp plasma glucose, plasma insulin and whole body glucose kinetic results are shown in Table 3 . Similar levels of glycaemia and hyperinsulinaemia were achieved between the groups in both the low-dose and high-dose clamp studies. Hyperinsulinaemia Suppressed HGP from basal levels in the pregnant rats by 32 % in the low-dose clamp (p < 0.05) and by 27 % in the highdose clamp (N. S. p = 0.09) studies and failed to suppress HGP with either insulin dose in the control or phlorizin-treated rats. Rd and plasma GCR were not significantly different between groups at both insulin doses. Ru was 29 % lower in the phlorizin-treated compared to the control rats (p < 0.001) during the low-dose clamp studies (data not shown). The clamp glucose uptake index results are shown in Table 4 . As expected brain glucose uptake indices did not respond to hyperinsulinaemia and there remained no differences between groups. Brown adipose tissue . 0 Fig. 1. (A, B, C, D) Basal (A) plasma glucose concentrations, (B) plasma insulin concentrations, (C)hepatic glucose production rates (HGP) and (D) plasma glucose clearance rates (GCR) in control (n = 9) •, pregnant (n = 7) [] and phloriin-treated (n=5) 9 rats. *p <0.05 vs control rats, ? p < 0.001 vs control rats, w p < 0.0001 vs control rats and heart glucose uptake indices greatly increased in response to hyperinsulinaemia in all groups and there were no differences between groups in the high-dose clamp study. Glucose uptake indices in red gastrocnemius and red quadriceps muscles were 55 % and 52 % lower in the pregnant rats, and 42 % and 55 % lower in the phlorizin-treated rats, respectively, in the low-dose clamp study, and 36 % and 25 % lower in the pregnant rats, and 19 % and 22 % lower in the phlorizin-treated rats, respectively, in the high-dose clamp study compared to the control rats. Similar trends were observed in the other skeletal muscles but to a lesser degree. No significant differences between groups were seen in the response of white adipose tissue to insulin. The glucose uptake indices of the placenta (Table 2) were 60 % and 57 % higher in the low-dose clamp (p < 0.05) and highdose clamp (N. S.) studies, respectively, compared to the basal studies. The glucose uptake indices of the fetus (Table 2) were 29 % and 27 % higher in the low-dose clamp (N. S.) and high-dose clamp studies (N. S.) compared to basal studies.
The serum NEFA level results are shown in Table 5. NEFA levels were 33 % higher in the pregnant rats compared to the control rats basally and remained significantly higher compared to the control rats at 20 min, but not at 50 min, in both the low-dose and high-dose clamp studies. There were no differences in NEFA levels basally or during the clamp studies between the phlorizin-treated and control rats.
Discussion
It is generally believed that maternal metabolic adaptation to late pregnancy is predominantly mediated by gestational hormones. In this paper we present evi- Table 2 . Tissue glucose utilisation index measurements (GUI) of placenta and fetus during basal and low-dose (LDC) and high-dose (HDC) hyperinsulinaemic euglycaemic clamp studies in pregnant rats GUI Basal (n = 6) LDC (n = 8) HDC @mol. 100 g-1.
(n = 7) rain -1) dence firstly, that a feto-placental glucose steal phenomenon operates in late pregnancy, and secondly, that this phenomenon has major influences, independently from the effects of gestational hormones, on the maternal metabolic milieu.
That a feto-placental glucose steal operates in pregnancy is shown in the basal glucose kinetic data. Despite the observed increased basal HGP and peripheral glucose disappearance in pregnancy, glucose uptake into most maternal tissues was reduced. The increased glucose flux must therefore have gone to the feto-placental unit. This is confirmed by the fact Table 3 . Plasma glucose and insulin levels, HGR Rd and rates of plasma glucose clearance (GCR) during the low-dose clamp (LDC) and high-dose clamp (HDC) studies in control, pregnant and phlorizin-treated rats
Control
Pregnant Phlorizin LDC HDC LDC HDC LDC HDC (n = 9) (n = 7) (n = 8) (n = 7) (n = Values are means + SEM. ~p < 0.05, Up < 0.01, Cp < 0.001 vs control LDC; dp < 0.05, ~p < 0.01 VS control HDC that the glucose uptake indices of the placenta and fetus were considerably higher than those of most maternal tissues. Clearly there is preferential feto-placental glucose uptake with resultant glucose deprivation of maternal tissues. The overall pattern of basal whole body and individual tissue glucose kinetics in the pregnant rats was closely mimicked by the phlorizin-treated rats. Basal HGP was elevated while basal glycaemia was lower in both compared to the control rats. This relative hypoglycaemia was due to an increased rate of plasma glucose clearance in both. Basal glucose uptake index measurements were markedly reduced in heart and brown adipose tissue in both the pregnant and phlorizin-treated compared to control rats. Skeletal muscle glucose uptake indices basally were also reduced in the phlorizin-treated compared to control rats, as was the trend in the pregnant rats. These results indicate that a glucose steal, as was produced in the phlorizin-treated rats, can independently reproduce most of the characteristics of basal glucose metabolism of late pregnancy. The fasting plasma insulin levels were appropriately suppressed in response to the hypoglycaemia in the phlorizin-treated rats, but this did not occur in the pregnant rats. This difference between the phlorizin-treated and pregnant rats was most probably due to the trophic effects of gestational hormones on the pancreatic islet beta cell in the pregnant rats. This raised "constitutive" insulin Table 5 . Serum NEFA during basal and low and high-dose hyperinsulinaemic euglycaemic clamp studies in control, pregnant and phlorizin-treated rats Values are means + SEM of six to nine rats in each group. a p < 0.05 vs control secretion in pregnancy may explain the fasting hypoglycaemia which occurs prior to increases in glucose turnover while the conceptus is relatively small [16] .
In the hyperinsulinaemic euglycaemic clamp studies, although there were no significant differences observed in Rd and plasma GCR between groups, impairment of insulin-stimulated glucose uptake into skeletal muscle was observed in both the pregnant and phlorizin-treated compared to control rats. Ru was also significantly lower in the phlorizin compared to control rats in the low-dose clamp study. Placental glucose uptake was higher in the clamp compared to the basal studies; consistent with there being a placental response to insulin in the rat as sug-gested by Leturque [17] . It needs to be considered, however, that some of the increase in placental glucose uptake in the current clamp compared to basal studies may have been due to the 20 % higher glucose levels. These results indicate that in the pregnant rat maternal skeletal muscle is insulin resistant, but whole body glucose assimilation is not impaired. Presumably, the maternal peripheral insulin resistance is a mechanism by which a postprandial glucose load is spared for feto-placental use. The fact that reduced insulin-stimulated glucose uptake was also seen in the skeletal muscles of the phlorizintreated rats suggests that the glucose steal phenomenon is contributive to this process of maternal postprandial glucose sparing.
The basal glucose turnover findings between the control and pregnant rats in this study are consistent with those of previous studies in rats [16, 18] and humans [19, 20] . Our basal glucose uptake index findings are also consistent with those of Holness et al. [21] who convincingly showed, in postabsorptive conscious rats. that glucose uptake into maternal heart and skeletal muscles is diminished during late pregnancy. In addition, we have shown markedly reduced basal glucose uptake into brown adipose tissue in the pregnant compared to virgin rats. There is an important difference, however, between the current hyperinsulinaemic euglycaemic clamp studies and the similar studies performed by Leturque [17, 18] . We clamped each group at equivalent levels of euglycaemia. Leturque, in contrast, clamped each group according to it's respective fasting glucose level which was 25 % lower in the pregnant compared to the virgin rats. As peripheral glucose uptake [22] and HGP [23] are responsive to the prevailing glucose level. we are more certain that the differences found between the groups in our studies are due to differences in insulin action and not due to differences in glucose availability.
Previous investigators using hyperinsulinaemic euglycaemic clamp techniques in rats [18] and rabbits [24, 25] have concluded that maternal metabolic adaptation in pregnancy is associated with hepatic insulin resistance. The validity of these studies needs to be questioned. Firstly, the levels of glycaemia between pregnant and non-pregnant groups were mostly unmatched. Secondly, it has been shown that tracer estimations of HGP during clamp procedures can be underestimated if the glucose infusate is not labelled, as achievement of tracer steady state can be delayed [26] . Furthermore, in contrast to these studies, enhanced [27, 28] and unchanged [20] hepatic insulin sensitivity in pregnancy have also been reported. Interestingly in the present study, in which tracer was added to the glucose infusion, HGP was partially suppressed in the pregnant rats only. We suspect that our failure to suppress HGP during the clamp procedures in the control and phlorizin-treated rats was due to the effects of the anaesthesia and surgical procedures as has been shown by Clark et al. [29] . Clearly, further studies investigating the effects of pregnancy on maternal hepatic glucose metabolism need to be performed.
Phlorizin is a potent competitive inhibitor of sodium-dependent glucose transporters and through this action in the proximal renal tubule promotes glycosuria [14, 30] . It is less clear, however, whether phlorizin effectively competes with glucose for binding to facilitative glucose transporters which are responsible for insulin-dependent and independent glucose transport into most tissues. The results of published in vitro studies, in which moderately high concentrations of phlorizin (1 to 5 retool/l) have been used, suggest that phlorizin does inibit facilitative glucose transport [31] [32] [33] ; but the inhibition is weak in comparison to the related substance phloretin [33] . Phlorizin, in vivo, has not been shown to impair glucose utilisation [14, 34] and actually improves insulin action in diabetic animals; an effect believed to be due to the normalisation of glycaemia secondary to the induced glycosuria [34] . Phlorizin is eliminated from the circulation by active secretion of the parent drug into the renal tubules and by rapid conjugation to phlorizin glucuronide in the liver [35] . It is probable that the concentrations of phlorizin reached in vivo, at the doses used, are very low compared to the concentrations used in the previous in vitro experiments. In the current validation experiments, we acutely infused phlorizin into functionally anephric rats at an equivalent rate to that used in the longer-term study experiments. The acutely infused phlorizin was shown to be biologically active in intact rats as it induced marked glycosuria. In the anephric rats, both basally and under insulin-stimulated conditions, phlorizin did not directly inhibit glucose utilisation by the whole animal or inhibit glucose uptake into individual tissues. We conclude from these validation studies that, at the dose used, phlorizin has no significant direct effect on glucose metabolism via facilitative glucose transporter inhibition. Therefore the metabolic effects caused by phlorizin in the study experiments must be secondary to the glycosuric action of this drug or the "glucose steal".
The mechanisms by which the glucose steal phenomenon might impair glucose uptake into peripheral tissues needs to be considered. Basally, the steal results in hypoglycaemia such that concentration-dependent glucose transport via the facilitative glucose transporters will be reduced. Further to this, the hypoglycaemia will be associated with relative hypoinsulinaemia such that insulin-stimulated glucose transport will also be minimised. The glucose-fatty acid cycle as proposed by Randle et al. [36] and further characterised by others [37, 38] , in which increased levels of NEFA oxidation are associated with an inhibition of glucose transport, could also be involved in impairing glucose uptake during both basal and insuiinstimulated conditions. NEFA levels were measured in the present study and were found to be elevated basally in pregnancy but not in the phlorizin-treated rats. It is still possible however, that both NEFA flux and NEFA oxidation rates were elevated in both the pregnant and phlorizin-treated animals.
In conclusion, the feto-placental glucose steal phenomenon, as modelled in this study with phlorizintreated rats, can independently produce all the features of basal glucose kinetics of late pregnancy. It is likely, therefore, that the glucose steal is the predominant factor regulating postabsorptive maternal glucose metabolism at this stage of pregnancy; and that this phenomenon is the major driving force of "accelerated starvation". The glucose steal phenomenon also significantly contributes, late in pregnancy, to the impairment of insulin-stimulated glucose uptake into maternal skeletal muscle.
